ABSTRACT. Radiocarbon ages of calcium oxalate that occurs naturally on rock surfaces have been used recently in archaeological and paleoenvironmental studies. Oxalate rock coatings are found globally, with most appearing to be residues from epilithic lichens. To explore the source(s) of carbon used by these organisms for the production of oxalate we measured the natural abundances of 14 C and 13 C in 5 oxalate-producing lichen species, 3 growing on limestone in southwestern Texas and 2 on sandstone in Arkansas. We also examined the distribution of the isotopes between the calcium oxalate and lichen tissues by separating these components and measuring the 13 C/C independently. The results demonstrate that the limestone species were slightly enriched in 14 C, by 1.7‰, relative to the sandstone species, which suggests that "dead" carbon from the limestone substrate does not constitute a significant source of carbon for the production of oxalate. The calcium oxalate produced by the lichens is also enriched in 13 C by 6.5‰ compared to the lichen tissues, demonstrating that there is a large carbon isotope discrimination during oxalate biosynthesis. These results support the reliability of 14 C ages of calcium oxalate rock coatings used for archaeological and paleoclimate studies.
INTRODUCTION
It is becoming increasingly evident that the calcium oxalate minerals whewellite (CaC 2 O 4 ⋅H 2 O) and weddellite (CaC 2 O 4 ⋅(2 + x)H 2 O) are common on rock surfaces worldwide ( Table 1 ). The oxalate generally occurs as thin (<1 mm) rock patinas with most appearing to be deposits from epilithic lichens (Del Monte et al. 1987; Edwards et al. 1993; Russ et al. 1996; Hofmann and Bernasconi 1998) , although unlichenized microbes (Bonaventura et al. 1999 ) and organic acid aerosols (Watchman 1991) have been proposed as sources of some oxalates on rock surfaces. Recently, radiocarbon dates of oxalates that cover, encapsulate, or are incorporated within prehistoric rock paintings (pictographs) have been used to constrain or estimate the ages of the artifacts (Watchman 1993; Hedges et al. 1998; Russ et al. 1999; Watchman et al. 2000; Steelman et al. 2001) . Oxalate 14 C ages have also been used in paleoclimate reconstructions that are based on the assumption that temporal variations in oxalate production can be correlated to fluctuations in lichen productivity in response to climate change (Russ et al. 1996; . The source(s) of carbon that leads to the formation of oxalate coatings is unknown, although assumed to be ambient CO 2 . Here we report a study of the relative abundances of 14 C and stable carbon isotopes in living, oxalate producing (pruinose) lichens that allowed us to address (1) whether lichens incorporate significant levels of limestone (carbonate) carbon for the production of oxalate and (2) the distribution of carbon isotopes between the lichen tissues and oxalate coating (pruina).
The reliability of 14 C ages and stable carbon isotope ratios (δ 13 C) from oxalate deposits from lichens depends largely on whether or not inorganic carbon (carbonate or bicarbonate ions) from the basal rock is incorporated in the oxalate. Native carbon in ancient carbonate rocks such as limestones is completely depleted in 14 C, and enriched in 13 C by ~8‰ compared to atmospheric CO 2 (Craig 1953; Degens 1969 ). If such "dead" carbon from the substrate is included in the oxalate, either via biosynthesis, exchange reactions, or reactions of oxalic acid at the rock surface, then oxalate 14 C ages would be anomalously old and δ 13 C values would represent a 13 C enrichment independent of metabolic processes.
Indirect evidence that lichen mycobionts can metabolize carbonate/bicarbonate ions was demonstrated by Lapeyrie et al. (1987; Lapeyrie 1988) by showing that oxalate ion production by the fungus Paxillus involutus was greater when grown on calcareous soil compared to acidic soil, and that this particular fungus incorporated bicarbonate ions from a growth medium for the biosynthesis of oxalic acid. Additional evidence of a possible bicarbonate effect is that calcium oxalate rock coatings are significantly enriched in 13 C compared to living lichens (Table 1) . For example, Hofmann and Bernasconi (1998) reported δ 13 C values of −11.8‰ and −11.7‰ from analyses of oxalate rock crusts in Arizona (USA) and Valais, Switzerland, respectively, while Steelman et al. (2001) reported an oxalate δ 13 C value of −11.67‰ from a coating in Toca do Bastina, Brazil. Furthermore, 18 calcium oxalate crust samples from 12 sites in southwestern Texas yielded a mean δ 13 C value of −10.6 ± 1.9‰ (Russ et al. 2000) . Reported δ 13 C values of living lichens, on the other hand, range from −35‰ to −14‰ (Lange et al. 1988) , indicating a significantly lower 13 C content compared to the oxalate coatings. This isotope discrepancy might be due to utilization of carbonate in the rock substrate that would cause 14 C measurements to be unreliable, or other metabolic processes for which corrections can be made. The latter is the case for the intracellular (Rivera and Smith 1979) .
To investigate whether lichens incorporate substrate carbonate and/or bicarbonate ions for the production of oxalate we measured the relative abundances of the carbon isotopes (∆ 14 C and δ 13 C values) in 5 living, pruinose lichen species collected from limestone and sandstone surfaces in Texas and Arkansas, respectively (Table 2) . We sampled areas on the specimens that appeared to have recent growth-edges and areas with fruiting bodies-and so expected ∆ 14 C values that reflected contemporary atmospheric CO 2 . Then, if substrate carbon was incorporated in the oxalate the 14 C/C of the limestone species would be lower (smaller ∆ 14 C values) and the 13 C/C higher (less negative δ 13 C values) compared to the lichens growing on the sandstone. However, as Bench et al. (2001 Bench et al. ( , 2002 recently demonstrated, there is considerable internal carbon recycling and/or carbon turnover in the 2 lichens they studied. Such processes would cause a discrepancy between the contemporary atmospheric 14 C record and the 14 C content of the organisms, and limit our ability to predict the relative amount of carbonate carbon, if any, included for the production of oxalate.
We also explored the distribution of the stable carbon isotopes between the lichen tissues and oxalate pruina by separating these components and measuring the δ 13 C values of each. There is greater variability in δ 13 C values reported for lichens than for higher plants-including both C 3 and C 4 plantsdespite all lichen photobionts using the C 3 metabolic pathway. The δ 13 C of lichens is governed primarily by moisture conditions, specifically the amount and phase of water required to activate and maintain photosynthesis. Three categories of lichens have been identified based on carbon isotope compositions, and which is related to the water requirements of the different photobionts whether cyanobacteria (cyanobionts), green algae (phycobionts) or a combination of both (photosymbiodemes). Phycobionts, for example, can initiate photosynthesis and reach maximum activity with lower water contents and when the water source is vapor alone (high humidity, dew or fog). Cyanobionts, on the other hand, require considerably more water and in the liquid phase (Lange et al. 1986; Lange et al. 1988) . Fractionation of the carbon isotopes is induced by diffusion resistance of CO 2 through water-filled membranes (Lange et al. 1988 ) and/or structural changes in the photobiont and mycobiont cells caused by hydration and dehydration processes (Scheidegger et al. 1995) . The presence of a carbon concentrating mechanism (CCM) employed by cyanobionts and some phycobionts has also been deduced, and that influences the overall isotopic composition of these particular organisms. Thus, lichens with cyanobionts (and phycobionts with a CCM) are "C 4 -like" with δ 13 C values >−23‰; phycobionts without a CCM are more "C 3 -like" with δ 13 C values < −24‰; and photosymbiodemes have the lightest isotopic composition, with δ 13 C values ~ −33‰ (Máguas et al. 1993 (Máguas et al. , 1995 Smith and Griffiths 1996) . 
MATERIALS AND METHODS
Lichen samples were collected from southwestern Texas (29°53′N, 100°54′W) and northeastern Arkansas (92°45′N, 36°12′W) by removing a portion of the basal rock with the lichens intact. Subsamples were sent for identification to B Ryan (Arizona State University). To prepare for the analyses the sample surfaces were rinsed using E-pure (18.2 Mega Ohm/cm) water to remove loose detritus then dried in a 90°C oven. A small (~1 mg) aliquot of the specimen was removed and analyzed using Fourier transform infrared analysis (FTIR) to establish the presence of oxalate.
AMS ∆ 14 C and δ 13 C Analyses 14 C and stable carbon isotope ratio analyses were performed on 5 lichen species, 3 collected from limestone surfaces in southwestern Texas and 2 growing on sandstone in northeast Arkansas (Table  2 ). Samples were prepared by removing ~2 cm 2 of the lichen from the substrate with a dental pick, followed by grinding using an agate mortar and pestle. Approximately 150 mg of the powdered sample was placed in a Teflon beaker and 40 mL of dilute phosphoric acid (pH ~2.4) added to remove carbonates. The solution was maintained at pH <3.0 by drop-wise addition of concentrated phosphoric acid, and allowed to stand for ~48 hr with intermittent stirring. The sample was filtered using a micropore glass filter (10-15 µm) and the filtrate consisting of the lichen tissue and calcium oxalate pruina dried at 90°C. Each sample was split, with one aliquot used for the accelerator mass spectrometry (AMS) 14 C measurement and the other for the stable carbon isotope analysis.
The AMS measurements were performed at either the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratories or the University of Arizona NSF-Arizona AMS Facility. Samples were further processed for the AMS assay by combusting the powder to CO 2 at 950°C in the presence of CuO, and graphite targets produced using standard protocol (Vogel et al. 1987 ). The δ 13 C analyses were performed using a Finnigan Delta Plus isotope ratio mass spectrometer (IRMS) interfaced with a Carlo Erba EA-1108 elemental analyzer; samples were combusted to CO 2 in the elemental analyzer, and the isotopic composition of the CO 2 was determined by continuous flow IRMS. δ 13 C values are expressed relative to the V-PDB standard, and precision was ≤ 0.1‰.
δ 13 C Analysis of Separated Oxalate Pruina and Lichen Tissues
As above, the lichens were removed from the substrate using a dental pick and ground in an agate mortar and pestle. Approximately 100 mg of the powdered lichen was placed in a Teflon beaker along with 30 mL of 1.5 N HCl to remove carbonates and dissolve the calcium oxalate. The solution was stirred at 80°C for 2 hr, then allowed to stand overnight to completely dissolve the calcium oxalate. The acid insoluble tissue, mainly thallus, was isolated from the solution by filtering through a micropore (10-15 µm) glass filter, and the solid residue dried at 90°C.
We precipitated the calcium oxalate from the solution under a stream of N 2 to prevent contamination from atmospheric CO 2 by first neutralizing the mother liquor with boiling 3 N NaOH then adding 3 mL of saturated CaCl 2 solution. The calcium oxalate precipitate was filtered using a micropore (4-8 µm) glass filter and dried at 90°C. The stable carbon isotope ratios of each component was measured as described above. This method was tested via 5 separate trials of a single homogenized lichen (Lecania sp.) sample, measurements of 3 different areas of a single Lecania specimen, and experiments using a calcium oxalate standard.~
RESULTS AND DISCUSSION
All lichens used in this study had calcium oxalate pruina, as established using FTIR. Another common feature was that each species contained green algal photobionts.
∆ 14 C Values of Lichens Growing on Limestone and Sandstone
The AMS 14 C results show that the mean ∆ 14 C value of the sandstone species (∆ 14 C = 129.0 ± 19.4‰) is similar to that of contemporary atmospheric CO 2 (Nydal and Lövseth 1983; Levin and Kromer 1997) , while the mean ∆ 14 C value of the lichens growing on limestone (∆ 14 C = 189.0 ± 22.8‰) is enriched in 14 C by 60‰ compared to the sandstone species (Table 2) . Moreover, the 14 C values from the limestone samples are consistently greater than values obtained by Bench et al. (2001; 2002) from analyses of Caloplaca trachyphylla (mean 14 C = 175.8 ± 70.5‰) growing on sandstone and Rhizocarpon geographicum (mean ∆ 14 C = 152.6 ± 19.8‰) growing on siliceous rocks (Table 3) . Thus, the limestone specimens have more atmospheric carbon that must have been incorporated during an earlier period when the atmospheric 14 CO 2 concentration was higher (due to bomb 14 C production). This could be due to inclusion of older portions of the lichens during the sampling/scraping process or that the recent growth includes considerably more recycled carbon, a phenomenon demonstrated by Bench et al. (2001; 2002) for the 2 lichen species they studied.
The comparison of the stable carbon isotope ratios between limestone and sandstone species, however, gives evidence that the δ 13 C values for lichens growing on limestone are greater than those for lichens growing on sandstone. One interpretation is that the evident enrichment in 13 C for the lichen growing on limestone could be due to incorporation of carbonate from the substrate, but the 14 C results indicate this interpretation is unlikely. Instead, the difference in the δ 13 C values might be attributed to differences in the moisture conditions in which these lichens were collected. Lichens growing in more moist conditions are depleted in 13 C compared to lichens growing in relatively drier environments (Shomer-Ilan et al. 1979; Teeri 1981) . Because the collection sites in Arkansas (mean annual rainfall ~1200 mm/yr) are considerably wetter than the sites in Texas (mean annual rainfall 450 mm/yr), this difference in the δ 13 C values could be expected.
Two-sample t-tests and Wilcoxon rank sum tests were performed to determine if a statistical difference is present in the ∆ 14 C and δ 13 C values for lichen species growing on limestone and lichen species growing on sandstone. A summary of these results follows, with p-values and observed test statistics appearing in Table 4 . It should be pointed out that the statistical power of these tests is hindered by the small sample sizes. When sample sizes are small, the size of the effect must be large for it to be evident.
First, the ∆ 14 C and δ 13 C data from the Caloplaca saxicola and Lecania lichen species growing on limestone were compared. The results suggest there is not a statistically significant difference in the Table 3 Average radiocarbon (∆ 14 C) data from lichens analyzed in this study and reported by Bench et al. (2001 Bench et al. ( , 2002 Table 5 . The data provides no evidence of a significant difference between the δ 13 C values for the Caloplaca and Lecania species when comparing their isolated calcium oxalate pruina separated from the lichen tissues, the lichen tissues themselves, nor the δ 13 C tis − δ 13 C ox differences for the 2 species. This suggests we can pool the ∆ 14 C and δ 13 C values from the different lichen species growing on the same substrate and focus our attention on comparing the limestone values to those from other substrates.
The two-sample t-test and Wilcoxon rank sum test did not provide any statistical evidence that the ∆ 14 C values for lichens growing on limestone are less than the values for lichens growing on sandstone. In fact, the data contained in Table 2 suggest that the average ∆ 14 C values for lichen growing on limestone is at least 11.7‰ higher than the average ∆ 14 C for lichen growing on sandstone. A comparison of the ∆ 14 C values for the limestone species (Table 2) with those for Rhizocarpon geographicum growing on siliceous rocks (Bench et al. 2001) and Caloplaca trachyphylla growing on sandstone (Bench et al. 2002) was carried out utilizing two-sample t-tests with a Bonferroni correction (Bonferroni 1936; Miller 1981) . The results suggest that the average ∆ 14 C values for lichen growing on limestone is at least 12.5‰ higher than the average ∆ 14 C for lichen growing on silica, and that there is no significant difference between the ∆ 14 C values for the limestone and sandstone substrates.
The mean ∆ 14 C value for the lichens growing on limestone is consistent with atmospheric CO 2 as the sole carbon reservoir if the lichen material was produced within the last 20-25 yr. However, we can- One purpose for separating the pruina from living lichens and measuring the δ 13 C of the calcium oxalate and lichen tissues independently was to explore why the δ 13 C values of calcium oxalate rock coatings are enriched in 13 C compared to the values reported in the literature for living lichens. The separation procedure was tested using a calcium oxalate standard, with a mean δ 13 C value = −17.42 ± 0.02‰. The mean δ 13 C value of the processed standard (−17.72 ± 0.06‰) indicated a 0.30‰ shift in the isotope composition of the treated calcium oxalate.
The results of the analysis of 5 aliquots from a single homogenized Lecania sample (oxalate pruina mean δ 13 C value = −15.62 ± 0.08‰; lichen tissue mean value = −22.50 ± 0.37‰) demonstrated the method was reproducible (Table 5 ). The oxalate δ 13 C values of the second Lecania sample, in which 3 separate areas from the same lichen specimen were removed and analyzed, also confirms the reproducibility of the method (oxalate pruina mean δ 13 C value −14.83 ± 0.03‰; lichen tissue mean value = −22.50 ± 0.14‰).
The calcium oxalate pruina proved to be consistently enriched in 13 C compared to the lichen tissues. Specifically, the oxalate pruina (mean δ 13 C = −15.19 ± 0.92‰) was estimated (with 95% confidence) to be enriched in 13 C by between 5.7‰ and 7.3‰ relative to the lichen tissue (mean δ 13 C = −21.66 ± 1.15‰). This is even greater than the 5‰ difference between the tissues and intercellular calcium oxalate in cacti reported by Rivera and Smith (1979) . It also shows that the δ 13 C values of calcium oxalate rock coatings (δ 13 C ~ −11.5‰) are consistent with lichen sources with δ 13 C values −18‰, well within the δ 13 C range reported for lichens (from −35‰ to −14‰; Lange et al. 1988 ). 
CONCLUSIONS
We measured the 14 C content of what appeared to be recent growth of 5 oxalate-producing lichen species, 3 of which were growing on limestone in southwestern Texas and 2 on sandstone in northeastern Arkansas. The ∆ 13 C values of the sandstone species were consistent with contemporary atmospheric 14 CO 2 levels, while the limestone species were enriched in 14 C by approximately 60‰ compared to those growing on the sandstone. This result is opposite of what was expected if substrate carbonate was a significant source of carbon.
While it might be reasonable to expect that little or no "dead" carbon from the limestone was incorporated by the lichens growing on this substrate, these results do not provide definitive evidence that this is the case. Without knowing the true age of the sampled areas, and thus the actual amount of atmospheric 14 C incorporated by organisms, the amount of carbon from the limestone, if any, remains ambiguous.
The stable carbon isotope composition of the calcium oxalate pruina produced by these lichens is 6.5‰ enriched in 13 C compared to lichen tissues. Calcium oxalate rock coatings thought to be byproducts of past lichen activity have δ 13 C values that range from −6.8 to −13.7‰ (Table 1) , and thus produced by lichens with δ 13 C values that range from −13.3 to −20.2‰. These values are consistent with the stable carbon isotope composition of lichens that have cyanobacterial photobionts, or green algal photobionts that employ a CO 2 concentrating mechanism.
